This work reports the effects of metallic glass precursors on the catalytic performance of nanoporous metals. Pd-based multicomponent nanoporous metals with similar nanoporous structure were successfully fabricated by electrochemically dealloying the Pd 20 Ni 60 P 17 B 3 and Pd 20 Ni 20 Cu 40 P 17 B 3 metallic glass precursors at the critical dealloying potentials. It was found that the glassy precursors with different chemical compositions result in different doping elements in the as-obtained nanoporous metals and thus lead to different catalytic activities.
Introduction
When compared with the other batteries, fuel cells have a great advantage in energy storage and conversion 1 . However, the high cost and low durability of Pt-based catalysts pose a severe challenge to the commercialization of fuel cells. Pd catalysts are one of the most promising candidates for the Pt-based catalysts since they have lower cost and exhibit less toxicity for formic acid oxidation 2 . Moreover, the Pd-based catalysts show high catalytic activities towards the oxidation of the formic acid when they are combined with transition metals 3 . However, it is difficult to dope multiple elements in the catalysts and most of the reported Pd-based catalysts are binary. In this study, we will report the formation of multicomponent Pd-based nanoporous catalysts by dealloying metallic glasses and the effects of the glassy precursor compositions on the catalytic performance of the as-obtained nanoporous catalysts will be discussed. Dealloying is a simple and effective way to fabricate nanoporous metals (NPMs) with well-defined structures, which have functional applications in a wide field such as catalysis and chemical sensors [4] [5] [6] [7] [8] [9] . Usually, a monolithic phase should be used as the dealloying precursor to form a uniform nanoporous structure since the nanopores are formed by a self-assembly process instead of excavating one phase from a pre-separated multiphase system [10] [11] [12] . So far, only limited solid solutions and intermetallic alloys have been proved as ideal precursors. Recently, there are some attempts to synthesize NPMs by dealloying amorphous materials. Among these amorphous materials, the metallic glasses are one of the most conspicuous systems which have a homogeneous composition and structure down to subnanoscale. Till now, more than thousands of metallic glass systems have been developed and most of them contain more than three kinds of elements. Chen et al. 
Experiment Methods
The Pd 20 PO 4 solutions. The chemical compositions of the NPMs were characterized by energy dispersive X-ray spectrometer (EDS) and the microstructures were observed by transmission electron microscope (TEM). Using a three-electrode electrochemical cell (NPM catalysts on glassy carbon electrode: working electrode, Pt foil: counter electrode, mercury sulfate electrode: reference electrode) in CHI 760D electrochemical workstation, the electrochemical properties of the NPMs were evaluated by cyclic voltammetry (CV) and chronoamperometry tests in 0.5M H 2 SO 4 and 0.5M H 2 SO 4 + 0.5M HCOOH solutions.
Results and Discussion
In order to determine the proper dealloying potential range, the linear polarization tests were performed on the Pd 20 remarkable current rise appears at about 680 mV and after that the current keeps in a linear relationship with the increasing potential up to 750 mV. A transient passivation-like behavior appears at higher potentials ranging from 750 to 800 mV, followed by a current rise from 820 mV. In order to avoid passivation and form NPM, the applied dealloying potential of the Pd 20 Ni 60 P 17 B 3 is 820 mV at the second apex nasi. In the case of the Pd 20 Ni 20 Cu 40 P 17 B 3 glass, the polarization curve is simpler, i.e. a large passivation range lies in 0-680 mV, followed by a single apex nasi (critical dealloying potential) where the selective corrosion of Ni, Cu and P from the metallic glass starts 14 . After that, the current increases dramatically with the further increase of the applied potential. Therefore, 680 mV was chosen as the applied dealloying potential for the Pd 20 Ni 20 Cu 40 P 17 B 3 metallic glasses are potentiostatically dealloyed at 820 mV and 680 mV, respectively, the corresponding current-time curves are recorded and shown in Figure 2 . Similar as that of dealloying crystalline alloys, both of the glassy samples first experience an initial current rising stage. Then after a slight current drop, the dealloying process comes into a slow current decay stage 15 . When the dealloying current drops to about 0 mA, the dealloying process is completed. The as-obtained dealloyed samples are named as NPM 1# and NPM 2# when the precursor glassy ribbons are Pd 20 Ni 60 P 17 B 3 and Pd 20 Ni 20 Cu 40 P 17 B 3 , respectively.
The chemical compositions of the NPMs are measured by EDS. Both NPMs contain Pd higher than 80 at%, indicating that Pd-based NPMs are obtained. NPM1# has 82 at% of Pd, 8 at% of Ni, and 10 at% of P. NPM2# has 86 at% of Pd, 3 at% of Ni, and 7 at% of Cu and 4 at% of P. The residuals of a small amount of Ni, Cu and P in NPMs may be related to the core-shell structure 15, 16 . When more positive elements (Ni, Cu, B and P in this research) dissolve, the inert Pd atoms will be liberated and accumulated on the surface of ligaments, forming a Pd or Pd-rich shell. If the applied dealloying potential is higher than the critical dealloying potential of the newly formed shell, more Ni and P will dissolved until an alloy with a higher Pd content or pure Pd shell is formed and no further dissolution is possible.
The TEM diffraction patterns of the dealloyed samples in the insets of Figure 3a , b indicate that the amorphous structure in the precursors has been totally changed into pure face-centered cubic phase after the dealloying process. The lattice parameters deduced from the diffraction results are about 0.388 nm and 0.383 nm for NPM 1# and NPM 2#, respectively, similar to that of the pure fcc Pd (0.389 nm). The electrocatalytic activities of the Pd-based NPMs toward the oxidation of formic acid were characterized by cyclic voltammetry in an acid electrolyte. A commercial Pd/C catalyst is also involved for comparison. The electrochemical active surface area (ECSAs) is estimated from the integration of the reduction peak of Pd. Figure 4a shows the CV curves in 0.5 mol/L H 2 SO 4 solution. For the three different catalysts, a peak appears in the region of 0-0.20 V during the positive scanning, which can be attributed to the adsorption and desorption of H + [17] . The peak around 1.0 V is associated with the oxidation of Pd 13, 18 . It can be seen from the CV curves, that NPM 1# and NPM 2# exhibit a similar desorption and oxidation behavior. Figure 3b displays the CV curves in 0.5 mol/L H 2 SO 4 + 0.5mol/L HCOOH. All the three catalysts show a clear peak at 0.25-0.40 V, corresponding to the oxidation of the formic acid. When compared with the commercial Pd/C (0.40 V), the oxidation potential on the NPMs is much lower, i.e, 0.31V on NPM 1# and 0.27 V on NPM2 #, indicating that the NPMs obtained in this work have higher catalytic activity than the Pd/C. It should be noticed that though NPM 1# and NPM 2# have similar nanoporous structure, they exhibit different catalytic activity. The reason may be related to the different chemical compositions. Firstly, NPM 2# has higher Pd content than NPM 1#. In the Pd-based NPMs, only the Pd sites are the active sites which will take part into the catalytic reaction. Thus, the higher Pd content will benefit the catalytic activity. Secondly, there are some atoms in NPM 2#. The extra Cu atoms can modify the d bond of Pd and make it easier for Pd to pass their electrons to O 2 during the catalytic process [19] [20] [21] . Similar results can also be found in the report of Xu et al.
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. In a nanoporous PdCu alloy, the Cu atoms buried under the topmost Pd layer lower the d-band center of Pd, resulting in more excellent catalytic performance.
The catalytic stability of the NPMs was evaluated by chronamperometry test in 0.5 mol/L H 2 SO 4 + 0.5mol/L HCOOH solutions. For comparison, the commercial Pd/C is also involved in the experiment. In Figure 5 , it can be found that the NPM 2# shows the highest oxidation current density at 500 s (0.10 mA/cm 2 ), which is about 10 times of the Pd/C and NPM 1#. The addition of Cu into the NPM 2# may contribute to the high stability. It has been well accepted that the decrease of the catalytic activity on NPMs is mainly caused by the structure coarsening. In many NPMs, such as NPAu and NPPt, the Cu addition has been proved to play an important role on stabilizing the nanoporous structure. In this study, the Cu addition may take the same effects in NPM 2# and leads to higher catalytic stability.
Conclusions
The Pd 20 
